Wang HJ, Pan YX, Wang WZ, Zucker IH, Wang W. NADPH oxidase-derived reactive oxygen species in skeletal muscle modulates the exercise pressor reflex. J Appl Physiol 107: 450 -459, 2009. First published June 4, 2009 doi:10.1152/japplphysiol.00262.2009.-Muscle metabolic by-products during exercise, such as K ϩ , lactic acid, ATP, H ϩ , and phosphate, are well established to be involved in the reflex cardiovascular response to static muscle contraction. However, the role of muscle reactive oxygen species (ROS), a metabolic by-product during muscle contraction, in the exercise pressor reflex (EPR) has not been investigated in detail. In the present study, we evaluated the role of muscle ROS in the EPR in a decerebrate rat model. We hypothesized that muscle NADPH oxidase-derived ROS contributes to sensitization of the EPR. Thus the rise in blood pressure and heart rate in response to a 30-s static contraction induced by electrical stimulation of L4/L5 ventral roots was compared before and after hindlimb arterial infusion of the redox agents: diethyldithiocarbamate, a superoxide dismutase inhibitor; the superoxide dismutase mimetic 4-hydroxy-2,2,6,6-tetramethyl piperidine 1-oxyl (tempol); the free radical scavenger dimethylthiourea; a NADPH oxidase inhibitor, apocynin; and a xanthine oxidase inhibitor, allopurinol. The EPR-induced pressor response was augmented after treatment with diethyldithiocarbamate and was attenuated after treatment with tempol, dimethylthiourea, and apocynin. Treatment with allopurinol did not affect the EPR function. None of the drug's affected the EPR heart rate response. In addition, neither the pressor response to electrical stimulation of the central end of dorsal roots, nor femoral blood flow was affected by any treatment. These data suggest that NADPH oxidase-derived muscle ROS plays an excitatory role in the EPR control of blood pressure. static contraction; sympathetic outflow; blood pressure; decerebration STATIC EXERCISE EVOKES SYMPATHETIC activation and increases blood pressure and heart rate (HR) (27, 29, 33) . The two neural mechanisms that cause the exercise-induced increase in sympathetic discharge are central command (10, 11) and the exercise pressor reflex (EPR); the afferent arm of which consists of group III and IV muscle afferents (8, 20, 21, 29) . To a large extent, activation of these afferents occurs in response to local accumulation of metabolic by-products of muscle contraction (1). Group IV afferents, in response to metabolic stimuli, can be activated by the accumulation of metabolic by-products (12, 13, 20, 26, 33) . Although group III afferents primarily respond to mechanical stimuli, they can also be sensitized by metabolic by-products of contracting muscle (24, 39) .
in modulating the EPR had been largely overlooked. In 1996, Bonigut et al. (4) first reported that muscle ROS, mainly via hydroxyl radicals, exerted an inhibitory effect on the EPR in anesthetized cats. However, recent studies have shown that the EPR is compromised by anesthesia, which is especially a concern in rats (42) . The latter study showed that, after decerebration, the effects of anesthesia on EPR were largely abolished (42) . The role of muscle ROS in the EPR in a decerebrate animal model has not been investigated. In addition, although the study of Bonigut et al. provided important evidence that muscle ROS modulated the EPR during muscle contraction, the source of skeletal muscle ROS remains unclear.
In the present study, using a decerebrate rat model (41), we reevaluated the role of skeletal muscle ROS production in the EPR by modulating the muscle redox state with acute hindlimb intra-arterial infusion of redox agents. Furthermore, we examined the contributions of muscle NADPH oxidase-derived ROS and xanthine oxidase-derived ROS on the EPR.
METHODS
Experiments were performed on male Sprague-Dawley rats weighing 370 -420 g. These experiments were approved by the Institutional Animal Care and Use Committee of the University of Nebraska Medical Center and carried out under the guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Surgical Preparation
The rats were placed in a plastic box into which isoflurane (Halocarbon Laboratories, River Edge, NY) (5%) and O 2 mixture were introduced. After the rats were anesthetized, they were removed from the box, and anesthesia was maintained by placing a nose cone over the face. A jugular vein and the trachea were cannulated. After tracheal cannulation, the lungs were ventilated with an anesthetic mixture of 2-3% isoflurane and oxygen. The right carotid artery was catheterized for measurement of mean arterial pressure (MAP) and HR. Body temperature was maintained between 37 and 38°C by a heating pad. A catheter was placed in the right iliac artery with its tip advanced to the abdominal aortic bifurcation, ensuring that the drugs were delivered to the left hindlimb through the left iliac artery without interrupting flow. The EPR function was compared before and after administration of the drugs. At the end of the experiment, rats were killed by intravenous (IV) administration of pentobarbital sodium (120 mg/kg).
Decerebration
In the present study, rats were decerebrated under isoflurane anesthesia. The decerebration procedure was performed as described by Smith et al. (41) . Briefly, Rats were placed in a stereotaxic apparatus (Stoelting, Chicago, IL) and customized spinal frame. The head and pelvis were stabilized. Before decerebration, the lungs were ventilated with the isoflurane-oxygen mixture. Dexamethasone (0.2 mg IV) was given to reduce brain edema and inflammatory responses from the decerebration (46) . The remaining intact carotid artery was isolated and ligated to reduce bleeding during decerebration. Subsequently, a portion of bone superior to the central sagittal sinus was removed. The dura mater was breached and reflected. The cerebral cortex was gently aspirated to visualize the superior and inferior colliculi. Using a blunt instrument (5 mm posterior to the bregma), the brain was perpendicularly sectioned precollicularly, and the transected forebrain aspirated. The cranial vault was filled with warm agar (37°C). After the decerebration had been completed, the lungs were ventilated with a mixture of room air and oxygen instead of the anesthesia gas. Arterial blood gas values were measured at regular intervals. Arterial blood gas values were maintained at normal levels for rats (arterial PO 2 Ͼ85 Torr; arterial PCO2 35-45 Torr; pH 7.3-7.4) by ventilating the lungs mechanically (model 683, Harvard Apparatus) and by supplementing the inspired gas with O 2. A minimum recovery period of 1.25 h was employed postdecerebration before data collection began.
Procedures for Static Contraction
In order to activate both mechanically and metabolically sensitive skeletal muscle afferent fibers, static hindlimb contraction was induced using electrical stimulation of ventral roots (41) . A laminectomy exposing the lower lumbar portions of the spinal cord (L 2-L6) was performed. The dura of the cord was cut and reflected, allowing visual identification of the L 4-L6 spinal roots. The dorsal and ventral roots of L4 and L5 were carefully separated. The ventral roots were sectioned, and the cut peripheral ends were positioned on insulated bipolar platinum electrodes. The exposed neural tissue was covered in a pool of warm mineral oil (37°C). The animals were secured within the spinal adaptor (Stoelting, Wood Dale, IL) by clamps placed on rostral lumbar vertebrae. Furthermore, the pelvis was stabilized with steel posts within the frame, and the hindlimb containing the triceps surae muscles under study was fixed in one position with clamps. The angle of the hip and knee was 120 and 80°, respectively. The calcaneal bone was sectioned, and the Achilles' tendon connected to a force transducer (model FT-03, Grass Instruments, West Warwick, RI) for the measurement of muscle tension. Electrical stimulation was performed using a Grass Instruments S88 stimulator. Electrically induced static muscle contraction of the triceps surae was performed by stimulating the L 4/L5 ventral roots for 30 -35 s. Constant-current stimulation was used at three times motor threshold (defined as the minimum current required to produce a muscle twitch), with a pulse duration of 0.1 ms at 40 Hz (41). In the experiments, all muscles of the hindlimb-undergoing study were denervated, except for the triceps surae muscle. At the end of this experiment, the neuromuscular blocking agent pancuronium bromide (200 g/kg) was administered IV. Electrical activation of the ventral roots was repeated using the stimulus parameters described previously. This maneuver was instituted to eliminate the possibility that cardiovascular responses were mediated by direct activation of sensory afferent fibers during stimulation protocols.
Electrical Stimulation of the Central End of L4/L5 Dorsal Roots
In the acute animal experiments, hindlimb intra-arterial infusion of drugs may recirculate and influence the EPR by a central or efferent mechanism. Therefore, an independent experiment was designed to test this possibility by stimulating the central end of left L4/L5 dorsal roots for 20 s (frequency: 5-7 Hz; pulse duration, 0.1 ms; voltage: 6 V). These parameters achieved a similar pressor response as static contraction. We compared the pressor response to electrical stimulation of dorsal roots before and after hindlimb arterial infusion of redox agents. If treatment with these drugs had no effect on the pressor response induced by stimulation of the central end of the dorsal root, Fig. 1 . Original record of the exercise pressor reflex (EPR) control of blood pressure and heart rate (HR) in response to static contraction induced by electrical stimulation of L4/L5 ventral roots before and after hindlimb arterial infusion of diethyldithiocarbamate (DETC; 10 mg/kg, 0.15 ml, 10 min) in decerebrate rats. In HR panel, black arrow points to the artifacts. ABP, arterial blood pressure; MAP, mean arterial pressure; BPM, beats/min. this would suggest that these drugs only modulate the EPR via affecting muscle afferents.
Measurement of Femoral Blood Flow
In an independent experiment, left femoral blood flow will be measured to determine whether the drugs used in these experiments modulate the EPR via an effect on blood flow. After decerebration, the left femoral artery will be isolated. A perivascular flow probe (0.5 VB587; Transonic Systems), connected to a flow meter (T106, smallanimal flow meter; Transonic Systems), was placed around the left femoral artery (free perfusion) to allow continuous recording of femoral blood flow during infusion of drugs.
Drugs and Injected Solutions
Hindlimb infusion of the superoxide dismutase (SOD) inhibitor diethyldithiocarbamate (DETC) was expected to increase superoxide concentration in skeletal muscle, whereas the SOD mimetic 4-hydroxy-2,2,6,6-tetramethyl piperidine 1-oxyl (tempol) or the free radical scavenger dimethylthiourea (DMTU) was expected to decrease muscle ROS. The NADPH oxidase inhibitor apocynin was used to decrease NADPH oxidase-derived ROS in skeletal muscle. Similarly, the xanthine oxidase inhibitor allopurinol was used to reduce xanthine oxidase-derived ROS production in skeletal muscle.
All drugs were purchased from Fisher Scientific. DETC, tempol, and DMTU were dissolved in saline before use. Apocynin was dissolved in 95% alcohol and diluted in saline. Allopurinol was dissolved in 1 N NaOH and then diluted in normal saline. The pH of the allopurinol solution was adjusted to 7.4 by using 1 N HCl.
All of the drugs above were administrated via hindlimb intraarterial infusion using a syringe pump delivery system (model 310; Stoelting, Wood Dale, IL). The infusion volume was 0.15-0.20 ml for 8 -10 min. Three doses of DETC or tempol (1, 5, and 10 mg/kg) were used to determine the dose-dependent effects of the drugs on the EPR. The dose of DMTU (10 mg/kg) was determined based on a previous study (4) . Two doses of apocynin and allopurinol (1 and 10 mg/kg) were used for determining dose-response effects. Saline was administrated as the control of the drugs.
Experiment Protocols Protocol 1.
In this protocol, we tested the hypothesis that muscle ROS production modulated the EPR. Three redox agents (DETC, tempol, and DMTU) were used to modulate the hindlimb muscle redox state via arterial infusion. The effect of each drug on the EPR was investigated in an independent group (n ϭ 6). In addition, to determine whether each drug affects the EPR via a central mechanism, we employed two control groups for each drug (n ϭ 4 -6), in which 1) we compared the effect of each drug on the pressor response to direct stimulation of the central end of the dorsal root; and 2) we investigated the effect of bolus IV administration of redox drugs on the EPR. Finally, to determine whether the drugs used in this protocol modulate the EPR via an effect on blood flow, we measured femoral blood flow and femoral vascular conductance before and after hindlimb arterial infusion of drugs (n ϭ 4).
Protocol 2. In this protocol, we determined whether NADPH oxidase-derived ROS or xanthine oxidase-derived ROS was involved in the modulation of the EPR. Two redox agents (apocynin and allopurinol) were used to inhibit the activity of muscle NADPH oxidase or xanthine oxidase. We compared the EPR function before and after administration of these drugs. Control groups, similar to those described in protocol 1 were used to determine whether apocynin or allopurinol affects the EPR via a central mechanism. In order to exclude the possibility that the drugs modulate the EPR by affecting blood flow, femoral blood flow and femoral vascular conductance were measured before and after the administration of these two agents.
Measurement of Superoxide Production and NAD(P)H Oxidase Activity in Skeletal Muscle
In an independent in vitro experiment, using the lucigenin-enhanced chemiluminescence method (17), we investigated the effects of redox agents on basal superoxide production and the activity of NADPH oxidase in triceps surae muscle. The rats were euthanized by an overdose of pentobarbital sodium (120 mg/kg). Muscles were immediately removed and immersed in cold Krebs-HEPES buffer containing the following (in mM): 99 NaCl, 4.7 KCl, 1.9 CaCl 2, 1.2 MgSO 4, 1 K2HPO4, 25 NaHCO3, 10 glucose, and 10 HEPES (pH 7.4) on ice. The muscle mass was excised into small strips. Each strip was placed in a polypropylene tub containing 5 mol/l lucigenin in a preheated Krebs-HEPES buffer (37°C) and then read in a Sirius luminometer (FB12, Berthold, Pforzheim, Germany) in a dark room. The chemiluminescence was reported by relative light units at 30-s intervals for 5 min. Data were corrected for background activity and normalized to tissue weight. Superoxide production was measured under the conditions of preincubation of muscle with a SOD inhibitor DETC (1 mM) or the SOD mimetic tempol (1 mM), or the free radical scavenger DMTU (1 mM) for 30 min.
NADPH (10 mol/l) was used to stimulate NADPH oxidase. To determine the contribution of NADPH oxidase to superoxide production, muscle was preincubated for 30 min with one of the following agents: apocynin (1 mM), allopurinol (300 M), tempol (1 mM), or DMTU (1 mM). Thus NAD(P)H-dependent superoxide generation represents NAD(P)H oxidase activity (25) .
Data Acquisition and Statistical Analysis
MAP, HR, blood flow, and muscle tension were acquired using PowerLab software (AD Instruments). Baseline values were determined by analyzing at least 30 s of the data immediately before the interventions (i.e., arterial injections or ventral root stimulation). The peak response was determined in the period of the greatest change from baseline. MAP is expressed in millimeters of mercury, and HR in beats per minute. The tension-time index (TTI) was calculated by integrating the area between the tension trace and the baseline level and is expressed in kilograms times seconds. Peak developed tension was calculated by subtracting the resting tension from the peak tension and is expressed in grams. All values are expressed as means Ϯ SE. Differences between groups were determined by a two-way ANOVA followed by the Tukey post hoc test. Changes in MAP, HR, blood flow, TTI, and peak developed tension before and after arterial administration of chemicals were determined by paired t-test. P Ͻ 0.05 was considered statistically significant.
RESULTS
After decerebration, baseline MAP and HR were maintained at physiological levels in all animals (102.7 Ϯ 3.1 mmHg; 367.7 Ϯ 10.1 beats/min; n ϭ 66). Baseline values for MAP and HR were not significantly affected by hindlimb arterial infusion of any agents. Hindlimb arterial infusion of low and middle doses of DETC and tempol (1 and 5 mg/kg) did not affect baseline MAP and HR, whereas treatment with high doses of tempol and DETC (10 mg/kg) slightly but significantly changed the baseline MAP (DETC: 101.3 Ϯ 3.4 vs. 107.2 Ϯ 3.6 mmHg, n ϭ 6, P Ͻ 0.05; tempol: 103.8 Ϯ 2.7 vs. 98.3 Ϯ 2.8 mmHg; n ϭ 6, P Ͻ 0.05) without affecting the baseline HR. Figure 1 shows a representive recording that hindlimb arterial infusion of a SOD inhibitor DETC [10 mg/kg, 0.15 ml/10 min, intra-arterially (IA)] dramatically enhanced the pressor response to static contraction induced by electrical stimulation of L 4 /L 5 ventral roots in a decerebrate rat. As shown in Fig. 2A , the effect of DETC on the EPR-evoked pressor response was dose dependent. Treatment with DETC did not alter the HR response to static contraction ( Fig. 2A) . IV administration of DETC (10 mg/kg, 0.15 ml) slightly but significantly enhanced the EPR response to static contraction (18.5 Ϯ 0.9 vs. 23.3 Ϯ 1.5 mmHg, saline vs. DETC, n ϭ 5, P Ͻ 0.05). However, compared with IA administration at the same dose, the effect was weaker (ϩ5 vs. ϩ10 mmHg, IV vs. IA), indicating that a local effect of DETC existed during IA administration.
Effects of DETC
In four rats, left femoral blood flow, as well as blood pressure and HR, were measured before and during muscle contraction in the absence and presence of DETC (10 mg/kg). Although infusion of DETC (10 mg/kg) slightly increased baseline MAP, there was no effect on hindlimb femoral blood flow and femoral vascular conductance at rest or during contraction (Fig. 3 and Table 1 ), indicating that the effect of DETC on the EPR is not related to changes in hindlimb blood flow.
In four rats, pretreatment with DETC (10 mg/kg) did not increase the pressor response induced by the stimulation of the central end of L 4 /L 5 dorsal roots (20.8 Ϯ 2.6 vs. 21.3 Ϯ 2.8 mmHg, saline vs. DETC, n ϭ 4, P Ͼ 0.05), indicating that the effect of DETC on the EPR in decerebrate rats is unlikely to be completely mediated by a central mechanism.
Effects of Tempol and DMTU
A representative tracing (Fig. 4) shows that hindlimb arterial infusion of the SOD mimetic tempol (10 mg/kg) attenuated the EPR-evoked pressor response to static contraction. Figure 2B shows the dose-dependent effect of tempol on the EPR-evoked pressor response. Treatment with each dose of tempol had no effect on the HR response to static contraction. Using another free radical scavenger, DMTU, a similar effect as with tempol on the EPR was observed (Fig. 2C) . In addition, IV administration of both tempol and DMTU (10 mg/kg, 0.15 ml) slightly attenuated the EPR-evoked pressor response (21.1 Ϯ 2.0 vs. 16.2 Ϯ 1.0 mmHg, saline vs. tempol, n ϭ 5, P Ͻ 0.05; 19.7 Ϯ 1.3 vs. 15.3 Ϯ 0.6 mmHg, saline vs. DMTU, n ϭ 6, P Ͻ 0.05).
Both tempol and DMTU did not change the pressor response to stimulation of the central end of L 4 /L 5 dorsal roots (22.3 Ϯ 2.3 vs. 22.8 Ϯ 2.7 mmHg, saline vs. tempol, n ϭ 4; 23.3 Ϯ 3.0 vs. 23.8 Ϯ 3.7 mmHg, saline vs. DMTU, n ϭ 4), indicating that the effect of tempol and DMTU on the EPR is not likely via a central mechanism. Hindlimb arterial infusion of tempol (10 mg/kg) did not change femoral blood flow at rest and during contraction, but slightly and significantly increased femoral vascular conductance during contraction (Table 1) . DMTU (10 mg/kg) had no effect on femoral blood flow and femoral vessel conductance at rest or during contraction ( Table  1 ), suggesting that it is unlikely that tempol and DMTU attenuated the EPR via affecting hindlimb blood flow.
Effects of Apocynin and Allopurinol
We investigated the effects of NADPH oxidase-derived ROS and xanthine oxidase-derived ROS on EPR function. Hindlimb arterial infusion of the NADPH oxidase inhibitor apocynin (10 mg/kg) significantly reduced the EPR-induced pressor effect compared with saline pretreatment (Figs. 5 and 6A ). However, pretreatment with a xanthine oxidase inhibitor allopurinol did not affect EPR function (Fig. 6B) . Both apocynin and allopurinol pretreatment did not alter the EPR-induced HR response (Fig.  6 ). IV administration of apocynin (10 mg/kg, 0.15 ml) tended to attenuate the EPR-evoked pressor response, but did not reach a significant difference (20.1 Ϯ 1.8 vs. 17.1 Ϯ 1.5 mmHg, saline vs. apocynin, n ϭ 5, P Ͼ 0.05).
Pretreatment with apocynin did not affect femoral blood flow or femoral vascular conductance at rest and during contraction (Table 1) 
Muscle Tension Developed By Static Contraction
In the present study, muscle peak developed tension induced by static contraction ranged from 700 to 750 g in all groups. There was no significant difference in TTI before and after treatment with redox agents in all groups ( Table 2 ), indicating that the acute administration of the redox drugs does not affect the muscle contractility. In all groups, the IV administration of neuromuscular blocking agent pancuronium bromide abolished muscle contraction induced by electrical activation of ventral root as well as the contraction-induced pressor response, which eliminates the possibility that cardiovascular responses were mediated by direct activation of sensory afferent fibers during stimulation protocols.
Effect of Drugs on Muscle ROS Metabolism and NADPH Oxidase Activity
In an independent in vitro experiment, we investigated the effects of the redox drugs on the basal muscle superoxide production and NADPH-stimulated muscle superoxide production. As shown in Fig. 7A , incubation with DETC significantly increased the basal muscle superoxide production, whereas treatment with tempol or DMTU or apocynin significantly decreased the basal muscle superoxide production. Treatment with allopurinol had little effect on the basal muscle superoxide production. Incubation of apocynin but not allopurinol significantly decreased the NADPHstimulated muscle ROS production (Fig. 7B) , indicating that apocynin decreased the muscle NAPDH oxidase activity.
Incubation of tempol or DMTU also reduced the NADPHstimulated muscle superoxide production (Fig. 7B ). In contrast, incubation of DETC enhanced the NADPH-stimulated muscle superoxide production (Fig. 7B) . The data above confirmed that the redox drugs affected muscle ROS metabolism as expected.
DISCUSSION
The primary findings of the present study demonstrated 1) that muscle ROS production exerts an excitatory role in the EPR response to a 30-s static contraction induced by electrical stimulation of L 4 /L 5 ventral roots in decerebrate rats; and 2) that the NADPH oxidase-derived ROS production contributes to the modulation of the EPR function.
The Role of Skeletal Muscle ROS Production in the EPR
Strenuous exercise increases free radical content in skeletal muscle. This phenomenon became widely appreciated after Davies et al. (9) and Jackson et al. (16) used electron paramagnetic resonance spectroscopy to demonstrate increased free radicals after exercise in animal and human experiments. Initially, musclederived radicals were thought only to be a contraction-induced metabolic by-product without any biological effects. Subsequent studies demonstrated that muscle-derived ROS are involved in the regulation of muscle contraction-evoked force production (34 -38) . At the present time, the role of muscle ROS in muscle fatigue has been well established. The above studies raise an important question: Is the role of muscle ROS only limited to the mechanism of muscle fatigue? In the present study, we evaluated the potential role of muscle ROS production on the EPR in a decerebrate rat model. We found that 1) hindlimb arterial infusion of the SOD inhibitor DETC, which is believed to increase superoxide anions Values are means Ϯ SE; n, no. of rats. TTI, tension-time index. There were no significant differences (P Ͼ 0.05) between means in any one group. in skeletal muscle, dose-dependently increased the blood pressure response after evoking the EPR. 2) In contrast, pretreatment with free radical scavengers (tempol and DMTU) reduced EPR function. 3) Compared with IV, IA administration exhibited a stronger effect on the EPR, indicating that the local effects of redox drugs on the EPR existed during IA administration. 4) Neither the pressor response to central dorsal stimulation, nor blood flow was affected by IA administration of these drugs, indicating the unlikely possibility that these drugs affected the EPR function exclusively via a central or blood flow mechanism. Taken together, the present study suggests that muscle ROS production plays an excitatory role in the EPR response. Surprisingly, our finding is contrary to that of Bonigut et al. (4), who reported an inhibitory effect of muscle ROS production on the EPR response to 5-min intermittent static contraction induced by stimulation of the intact sciatic nerve in anesthetized cats. On closer inspection, one possible explanation for the discrepant results might be different experiment protocols between the two studies. First, there are differences in anesthesia and animal species between the two studies. However, the effect of anesthesia on EPR in cats was weaker compared with that in rats (15, 41) . Therefore, anesthesia is most likely not the only explanation for these differences. In our opinion, the discrepancy is most likely due to the difference in experimental protocol, such as the time used to active the EPR, between the two studies. In the present study, the EPR was induced by a 30-s static contraction method, which activates both mechanically and metabolically sensitive skeletal muscle afferent fibers (40, 41, 43) . However, in the experiment performed by Bonigut et al. (4), a 5-min intermittent static contraction protocol was used to induce the EPR. The 5-min intermittent static contraction protocol may produce much more metabolic by-products than a 30-s static contraction, which may lead to different results due to 1) a greater amount of muscle ROS; and 2) a predominant activation of the group IV afferents to induce the metaboreflex. Previous studies showed that mild or moderate increase in muscle ROS played an excitatory role in muscle force production, whereas high levels of muscle ROS (oxidative stress) promote contractile dysfunction, resulting in muscle weakness and fatigue (34 -36, 38) . Therefore, it is reasonable to speculate that mild or moderate increases in muscle ROS might enhance EPR function, whereas high levels of muscle ROS inhibit EPR function. Nonetheless, because we lack reliable data to quantify in vivo muscle ROS level during contraction, the speculation remains to be tested in future work. In addition, during 5-min contraction, excessive accumulation of muscle metabolic by-products might predominantly activate the metaboreflex, whereas a 30-s contraction might activate both mechano-and metaboreflex. Differential activation of EPR during the two protocols might also contribute to the discrepant findings.
The mechanisms by which muscle ROS production modulates the EPR remains to be determined. Contraction-induced metabolites (e.g., ATP, lactic acid) may either directly activate or indirectly sensitize metabo-and mechanoreceptors in muscle (24, 39) . Therefore, we speculated that muscle ROS affects the EPR via a similar mechanism. Unlike other metabolites, muscle ROS has no receptors. What is the mechanism by which muscle ROS affects the EPR? Muscle ROS can act on muscle redox-sensitive targets (usually cysteine sites) to modulate the force production (30) . Similarly, it is reasonable to speculate that ROS might also act on the mechano-or/and metaboreceptor redox-sensitive target sites to active or sensitize these receptors. The cellular mechanism by which ROS sensitize EPR remains to be determined.
The Sources of Muscle ROS Involved in EPR Activation
Under normal physiological conditions, the generation of skeletal muscle ROS at rest is low. However, during aerobic contractions, skeletal muscle produces significant amounts of superoxide anion due to its increase in oxygen uptake that reaches up to 90 times the values obtained at rest (18, 19, 22, 28) . Although increased production of ROS during muscle activity is generally accepted, the source of the ROS remains unclear. Mitochondria, nonphagocytic NAD(P)H oxidase, xanthine oxidase, and lipoxygenases are several potential sources of muscle ROS production at rest and during exercise (2, 3, 14, 17, 44) . In the present study, we showed that an NADPH oxidase inhibitor, apocynin, attenuated the EPR, suggesting that the NADPH-derived ROS in skeletal muscle plays an important role in modulating the EPR. We also showed that a xanthine oxidase inhibitor, allopurinol, had no effect on EPR function, indicating that xanthine oxidase is not a main source of the ROS that modulated the ERP in this protocol. However, because the present study did not verify that a large enough volume of allopurinol remained in the hindlimb to have an effect on muscle afferents, we cannot completely rule out the possibility that xanthine oxidase-derived ROS is involved in the EPR modulation. In addition, we did not exclude the possibility that other sources of muscle ROS (i.e., mitochon- Fig. 7 . Influences of the redox agents (DETC, tempol, DMTU, apocynin, and allopurinol) on superoxide production in the absence (basal) and presence of NADPH (10 mol/l) in the triceps surae muscle of normal rats. RLU, relative light units. Values are means Ϯ SE; n ϭ 8. *P Ͻ 0.05 vs. control. dria) might also be involved in the ROS-mediated EPR sensitization.
The Effect of Redox Agents on Muscle ROS Metabolism
In the present study, we confirmed whether the redox drugs used did indeed affect muscle ROS metabolism as expected. Our data showed that these agents modulated the basal ROS production and NADPH oxidase activity in vitro. However, the inability to measure ROS production in vivo remains a limitation of this study.
The present study shows that muscle ROS exerts a tonic effect on the EPR in normal rats. However, one should also consider the role this mechanism may play in pathological conditions, such as chronic heart failure (CHF) and hypertension. Previous studies have well established that the EPR is exaggerated in the CHF state (31, 32, 40, 42, 43) . It has also been reported that there is increased skeletal muscle ROS production in CHF mice (47) . Thomas and colleagues (45, 48) further provided evidence that skeletal muscle oxidative stress in the CHF and hypertensive states contribute to impaired sympathetic vasoconstriction. It is still not completely clear from this or previous work if there is a cause-effect relationship between the exaggerated EPR and increased muscle ROS production in CHF. This issue requires further investigation.
Limitations
A major concern in the present study is that IA infusion of redox drugs can potentially enter the systemic circulation and affect the central nervous system or efferent trafficking. Therefore, we compared the effects of IA and IV administration on EPR function. The evidence that the effect of IA administration on EPR function is stronger than following IV administration at the same dose supports the view that IA administration affects the EPR via a peripheral mechanism. Nonetheless, there remains a possibility that central effects of these drugs exist and cannot be absolutely excluded. In another control experiment, the pressor response to stimulation of the central end of dorsal roots was compared before and after drug administration to rule out the possibility that the drugs affect EPR function via central or efferent mechanisms. Although dorsal root stimulation is helpful in the present study, it is possible that the dorsal root stimulation might activate not only muscle afferents (groups III and IV), but also other fiber types arising from joint, bone, and skin. It would be useful to directly record the afferent input before and after drug administration to address this issue definitely.
Summary
In conclusion, we have shown that muscle ROS plays an excitatory role in the EPR response to a 30-s static contraction in decerebrate rats. The NADPH oxidase-derived ROS in skeletal muscle plays an important role in modulating the EPR function.
